The preponderance of research toward improving embryo development in vitro has focused on manipulation of the chemical soluble environment, including altering basic salt composition, energy substrate concentration, amino acid makeup, and the effect of various growth factors or addition or subtraction of other supplements. In contrast, relatively little work has been done examining the physical requirements of preimplantation embryos and the role culture platforms or devices can play in influencing embryo development within the laboratory. The goal of this review is not to reevaluate the soluble composition of past and current embryo culture media, but rather to consider how other controlled and precise factors such as time, space, mechanical interactions, gradient diffusions, cell movement, and surface interactions might influence embryo development. Novel culture platforms are being developed as a result of interdisciplinary collaborations between biologists and biomedical, material, chemical, and mechanical engineers. These approaches are looking beyond the soluble media composition and examining issues such as media volume and embryo spacing. Furthermore, methods that permit precise and regulated dynamic embryo culture with fluid flow and embryo movement are now available, and novel culture surfaces are being developed and tested. While several factors remain to be investigated to optimize the efficiency of embryo production, manipulation of the embryo culture microenvironment through novel devices and platforms may offer a pathway toward improving embryo development within the laboratory of the future.
INTRODUCTION
Over the last two decades, arguably the most well-studied variables aimed at improving embryo development in vitro have involved the chemical composition of the culture media. Indeed these approaches have proven extremely beneficial and have undoubtedly contributed largely to improved success rates following assisted reproduction. Both sequential and monoculture media systems have been refined, and the development of high-quality blastocysts in vitro is now common place [1, 2] . However, not only do the chemical requirements of the developing embryo need to be considered, but potential physical requirements may also be important factors in the continuing pursuit of improved in vitro conditions. It is important to remember that progression of the embryo through the female reproductive tract not only results in exposure of the embryo to a changing fluid chemical composition, but also provides gentle mechanical stimulation, which may affect embryo development [3] [4] [5] . Furthermore, physical characteristics and parameters of the culture platform may influence chemical composition of the media via regulation of chemical gradients that form around the developing embryo. As our understanding of the preimplantation embryo improves and new analytical approaches and technologies emerge, examination of various novel culture platforms to explore the impact of physical and mechanical modifications on the embryo may assist in further improving in vitro development [6, 7] . Furthermore, these platforms may offer a potential means of improving other common procedures/approaches used within the in vitro fertilization (IVF) laboratory and elsewhere.
STATIC CULTURE PLATFORMS
In the past, mammalian and nonmammalian somatic cell lines, transformed cell lines, gametes, and embryos have been cultivated in, or on, inert surfaces such as glass or plastic polymers. These inert surfaces have taken various configurations, ranging from flat/walled Petri dishes, flasks, and test tubes (Fig. 1) . In all of these cell-growth approaches, the culture environment is considered static unless external forces derived from a shaking platform or orbital agitator were employed. These static culture platforms act primarily as fluidcontaining barriers and are differentially used based on media volumes and specific laboratory-dependent protocols. Using these static culture platforms for embryo culture can give rise to many different environments by simply altering the volume of media and the number of embryos per volume [8] . In many animal models, increased embryo density has been suggested to improve development, potentially through secretion of autocrine/paracrine factors. Embryos produce and secrete various factors [9] [10] [11] that have been suggested to affect embryo homeostasis, growth, and development [12] . This hypothesis is supported by studies using small confined volumes of media that enhance embryo development in comparison to larger volumes [13] [14] [15] [16] . It has been speculated that this benefit is obtained because of concentrated biomolecules that support growth. When one considers the culture environment and the varied exposures that embryos experience, one can appreciate that manipulation of the physical environment-volumes, embryo density, and spacing-will also alter the chemical environment. These links between physical and chemical environment are difficult to separate both experimentally and biologically. Some very elegant studies focused on precise embryo spacing during the culture of porcine and bovine embryos have demonstrated that decreasing embryo spacing can be beneficial [17] [18] [19] . Additionally, in litterbearing species such as the mouse, cow, and sheep, researchers have documented the benefit of group culture [14, [20] [21] [22] [23] [24] [25] [26] . Collectively these studies would suggest that embryos can communicate through paracrine biomolecules. Additionally, one must consider that embryos of different quality or stage of development may have beneficial or detrimental influence on companion embryos in the same culture environment [27, 28] . Finally, this group effect or spacing effect in non-litter-bearing species such as the human has yet to be fully delineated. Some reports would suggest that human embryos benefit from group culture [29, 30] , yet it is recognized that group culture of human embryos is not requisite and that human embryos grown individually produce very efficient pregnancy rates. Future studies on the potential benefit of group culture and/or paracrine/autocrine biomolecule signaling in human embryos are significantly needed.
As will be mentioned below, many laboratories culture groups of embryos in smaller volumes to obtain this perceived benefit of concentrating growth-promoting autocrine/paracrine biomolecules. It also has to be recognized that the same concentrating effect would occur for metabolic and/or secreted waste products. Additionally, these low volumes, static, high embryo density culture approaches require extreme attention to media properties because shifts in pH and osmolality are common and can have a profound impact on embryo development. Finally, contemporary embryo culture protocols in most species embrace a static environment on inert plastic ware, with limited cell-surface contact, which in reality overlooks the environment that nurtures embryo development in vivo. However, there are static culture platforms in development that reach beyond classic microdrop, center-well, or test-tube embryo cultures.
Specialized Microdrops and Ultralow Volume
Microdrops have long been the approach used to confine embryos to a small area to take advantage of the potential benefit of trophic autocrine/paracrine factors. Traditional volumes of these drops typically range from ;10 to 50 ll, though some may be slightly less and can be utilized with group as well as individual embryo culture. One drawback to this approach, however, is that drops can fragment and/or coalesce, which can result in embryos being cultured in varying amounts of media and sometimes being difficult to locate and/ or track. Specialized microdrop dishes are now available to alleviate this concern of drop/embryo displacement, and they may be beneficial in some laboratories for embryo development by expediting visualization and/or manipulation of the embryos during routine handling [31] (Fig. 1) .
Another variation of the microdrop technique entails using extremely small volumes of media to presumably increase the concentration of beneficial embryo-secreted factors. Referred to as the ultramicrodrop approach, it commonly utilizes 1.5-2.0 ll of media to continuously culture groups of embryos for multiple days [15, 32] . Though only tested with human embryos in very small numbers, using sibling embryos in a prospective manner compared to larger 20-ll microdrops, ultramicrodrops has resulted in improved embryo development. A larger data set and more detailed endpoint analysis including pregnancy and implantation rates are required to determine whether the benefits of this approach outweigh the potential risk of working with such small volumes of media, including evaporation, damaging increases in osmolality, potential toxicity due to high embryo density, or embryo loss if media exchange is not performed properly.
A further static culture approach used extremely low submicroliter volumes of media and a culture chip composed of polydimethylsiloxane (PDMS) containing a small vertical channel [33] . When culturing 2-cell mouse embryos, rates of blastocyst development in the vertical channel with submicroliter surrounding volumes were comparable to those found in 20-ll microdrop cultures and were significantly greater than embryos grown in 5-ll microdrop cultures. Thus, this novel device appears to allow embryos to benefit from reduced culture volume and reduced spacing, while avoiding some issues associated with small microdrop volumes; the methodology, however, does include potential detrimental issues of its own, including difficulty in embryo recovery. 
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Microwells
Another variation of the microdrop that permits culture of embryos in a confined space but grants access to a larger reservoir of media is known as the microwell. This approach attempts to create a microenvironment in the immediate vicinity of individual or small groups of embryos and offers a means of potentially increasing surface area point-of-contact and decreasing spacing with/between embryos (Fig. 2) . Furthermore, the approach avoids pitfalls associated with traditional microdrop displacement or merging.
Perhaps the most well-known microwell approach is the well-of-the-well (WOW) system, as first described by Dr. Vajta [16, 34] . The WOW system has been used successfully with embryos from a variety of species including mouse, pig, cow, and human as well as entails using small impressions, or microwells, of varying sizes and arrangements placed into the bottom of a vessel/dish [16, 34] (Fig. 2) . At least one study with porcine embryos indicated the size of the WOW housing the embryo may be important, as 1000 lm wide wells yielded greater blastocyst development than 500 lm wide wells [35] . A similar WOW approach also resulted in differing gene expression levels in bovine embryos compared to microdrop cultured counterparts, perhaps offering further insight into the potential benefits [36] .
While many of the WOW culture approaches utilized manual methods of creating the wells in existing Petri dishes, more recently, a WOW system was fabricated in polystyrene using injection molding to allow time-lapse photography of developing bovine embryos. Wells were 287 lm wide by 168 lm deep. Twenty-five wells (five-by-five configuration), each holding an individual embryo, were overlaid with 125 ll of media. Though no differences in blastocyst development (37.2% vs. 36.0%) or cell number (112 vs. 103) were observed in WOWs compared to microdrop controls, WOW-cultured embryos had lower amounts of apoptosis (9.0% vs. 13.5%) and oxygen consumption, closer to in vivo-derived counterparts [37] . Ultimately, these WOW-cultured embryos resulted in significantly higher pregnancy rates at 60 days following transfer (51.7% vs. 21.9%).
An alternate approach that permits a commercial means of utilizing microwells in conjunction with existing dishware in the laboratory involves using microwell inserts consisting of several rows of tiny culture wells composed of PDMS (Fig. 2 , B and C). This approach has been developed to allow the culture of multiple individual embryos in the mouse, pig, and cow [38] . Interestingly, these inserts can be produced with isolated wells or with microfluidic channels connecting the wells to allow media exchange and to take advantage of the group culture effect. Such connected inserts could be useful in investigating the impact of autocrine/paracrine compounds versus embryo spacing. These microwells can be constructed in PDMS so finely that the embryos sit in these microwells as a sphere in a cone (Fig. 2C ) and form microenvironments that may be beneficial for their development. Additionally, these microwells can be coated with selected biomolecules, such as hyaluronan or poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide [39] (Fig. 2D) , as hydrogel surfaces that may influence microenvironments in close proximity to the developing embryos. Whether such hydrogel coatings influence mammalian embryo development remains to be determined; however they have been found to be useful in human embryonic stem cell growth [39] .
In a similar, though less refined approach, polyester mesh inserts have also been used to culture porcine and bovine embryos to produce rudimentary microwells [19, 40] (Fig. 3 ). This mesh allows for easy separation and identification of embryos because each square of the grid houses an individual cell. This approach allows for decreased spacing of embryos and separation of cells at a specific distance. Indeed, use of an ;220-lm mesh size (embryo spacing of ;180 lm) yielded increased blastocyst cell number compared to controls or embryos cultured in larger mesh size [19] . Additional mesh sizes remain to be examined to elucidate any additional benefit.
Microchannels
Initial investigations into microchannel culture of mammalian embryos were described by collaborators in animal science and biomedical engineering. It was initially hypothesized that constraining the amount of media around the embryo in a microchannel as well as increasing the surface area adjacent to the embryo in comparison to a single point-of-contact within a Petri dish might influence embryo development. Raty and colleagues [41, 42] found that 2-cell mouse embryos could be cultured to the blastocyst stage within microchannels under static media conditions. In this experiment, the media volume in the control microdrops (30 ll) and the collective micro- A) Well-of-the-well (WoW) system, whereby curved microwells are produced in the bottom of a polystyrene Petri dish. Insert is micrograph of a blastocyst in a WoW microwell. B) Photograph of microwell imprints in PDMS contained in a Petri dish. C) These microwells can be constructed in a very precise manner as a cone with an opening of 180 lm and a bottom of approximately 10 lm. When embryos are place into these cone-shaped microwells, a microenvironment is formed. D) Schematic representing mechanism of surface modification that can be performed with ultraviolet-ozone activation of the surface and coating with a biomolecule of interest. This forms a uniform hydrogel surface that may have advantages in many types of cell culture [39] . Photograph of WoW kindly provided by Dr. Gabor Vajta.
FIG. 3.
Photographs of a mesh insert that can be utilized with traditional static culture dishes to regulate embryo spacing to take advantage of potential autocrine/paracrine factors that may benefit embryo development. Different size meshes can be used to regulate spacing and account for differences in embryo size. A) A mesh insert in a microdrop with a standard 60-mm culture dish. B) Magnification of the microdrop with the mesh insert inside. C) Close-up of embryos developing within a mesh insert. Images courtesy of Dr. Kei Imai.
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channel (10 ll) plus the reservoirs (;490 ll) system as well as the microenvironment that acted on the developing embryos were different. These researchers found that culture in the microchannels resulted in significantly greater blastocyst formation and hatched blastocyst development at 72 and 96 h, respectively. In this static microchannel system, it was estimated that the effective volume of media surrounding the embryos in the microchannel was approximately 250 nl. However, this calculation is relevant only if one assumes no mixing of the surrounding media in the microchannels and reservoirs that likely occurs through passive diffusion [43] . In a following section, continuation of these studies and devices will be discussed in relation to the microchannel and dynamic media culture environment.
Another approach to performing microchannel culture of embryos was investigated using glass capillary tubes filled with culture media. This system also supports mouse development from the zygote to blastocyst stages [13, 14] . Interestingly, this microchannel system allows embryos to be cultured vertically, which permits increased cell-cell contact. Presently, it is unknown whether this vertical embryo culture platform and the altered spatial relationship between embryos, media, and the capillary walls is beneficial to mammalian embryo development.
In summary, based largely on data from animal models, several new culture approaches that provide reduced media volume and/or confined grouping of embryos may be beneficial for embryo development. Yet, there is little evidence that would allow such conclusions regarding human embryos. Nevertheless, practical utility and ease-of-use benefits of commercially available specialized microdrop dishes are appreciated and provide an alternative to traditional microdrops. Microwell approaches appear promising and have the potential benefit of integrating with real-time microscopic morphometric assessment of embryo development. However, whether microwell devices will provide robust embryo developmental benefit remains to be determined. There are numerous parameters of microwell construction, and the resulting microenvironment they produce, that remain to be tested. Finally, static ultramicrodrop and microchannel culture technologies appear to have benefits but must also be used with caution because of potential alterations that can occur in the stability of the media due to evaporation. Practical issues of placement of embryos into a microchannel and complete fidelity of recovery are of utmost importance in clinical embryology, and its importance cannot be overstated.
DYNAMIC CULTURE PLATFORMS
Over the past decades, nonadherent embryo culture has been modeled after adherent somatic cell culture, where cells are cultured in a relatively large volume of static fluid. It is important to recognize that no current culture system is completely static. Moving dishes or test tubes at any time results in disruption of the static state. For simplicity of discussion in this review, we will consider this static culture and dynamic culture as planned and/or controlled soluble component movement. As pointed out earlier, within the body preimplantation embryos develop in a mechanically and chemically dynamic environment. Again, these mechanical and chemical dynamics are almost impossible to experimentally separate; when a cell undergoes mechanical agitation, this also causes chemical agitation of media substrates and cell waste products, in close proximity to the cell surface, that may be used or secreted by the cell. With this said, there have been recent advancements in developing and testing dynamic culture conditions for preimplantation mammalian embryos.
If we consider that the in vivo state of preimplantation embryo growth in the oviduct and uterus is the ultimate environment to support development, we should be able to justify development of a dynamic culture system. The preimplantation in vivo embryo is continually moving due to muscle contractions and epithelial cell cilia movement. This results in a mechanical influence on the developing embryos. This movement also disrupts cells surface gradients that can form surrounding the embryos in static culture. It has been experimentally demonstrated that gradients exist in culture media under static culture conditions as a result of embryo secretions or depletion of media components. Gradients of potassium, calcium, and oxygen have been measured around mouse embryos [44, 45] , and dynamic culture platforms may disrupt these gradients, providing a more homogenous environment that more closely recapitulates the in vivo growth environment.
A dynamic culture system also provides a controlled opportunity to furnish embryos with a continually refreshed supply of new substrates and removal of waste products. As mentioned earlier, degenerating embryos can have an adverse impact on normal appearing companion embryos [27, 28] . In this same line of reasoning, it has been demonstrated that degradation of media components can influence embryo development and also potentially have long-term developmental consequences on fetuses, neonates, and offspring health. For example, amino acids can be broken down at body temperature, releasing ammonia that can compromise normal embryo and fetal development [46] [47] [48] [49] [50] . With this said, there are specific substrates that can be used to protect against this degradation product, and many current culture media compositions protect against significant ammonia buildup [51] .
There have been significant efforts employed to manually replace and refresh embryo culture media. When employing ultramicrodrops, it was demonstrated that regular manual replacement of media during a 3-day culture window was not beneficial in comparison to nonmedia replacement culture during the same interval [15] . Similar results were reported for the culture of bovine embryos in microdrops with nonmedia replacement in comparison to media replacement at 48-h intervals over a 186-h culture window [52] . These results would appear counterintuitive when one considers the dynamic embryo growth environment in vivo. However, this may be a result of the removal of autocrine/paracrine embryos-secreted factors that support embryo development. Yet, it also could be a result of manual manipulation of embryos, media, and media shifts in pH that occur outside the incubator environment when manual manipulations are performed to replenish the media. The inability to actually discern between these two possibilities with respect to outcome data further emphasizes the utility of an automated precisely controlled dynamic culture system to address basic studies on embryo development and interactions with the culture microenvironment.
Shaking/Rotation
A simple means of providing a dynamic embryo culture environment entails the use of a standard laboratory orbital shaker placed inside the incubator. This approach has been used successfully for mouse fertilization by using 0.5 mL of media overlaid with oil, agitated at 60 rpm [53] . Different volumes of media and times of agitation did not appear to influence the outcome measures. A similar approach has also been utilized with ovarian tissue culture [54] . Additional SMITH ET AL. studies exist using a heated, agitated stage with a Petri dish of microdrops covered in oil to culture mouse or rat embryos [55, 56] though comparisons to adequate static culture controls and demonstration of significant benefit are lacking. Because of its simplicity and ease of implementation, this approach may warrant future investigation though important variables remain to be explored, including the role of the type of rotation (circular vs. linear) as well as rate of agitation. Other concerns exist with the use of electrical equipment in the humidified confines of a laboratory incubator.
Tilting
Investigators have studied the impact of embryo movement through a fixed volume of media using a tilting embryo culture system (TECS; [57] ) (Fig. 4) . This system employs a motorized tilting platform that can be placed inside an incubator and supports placement of traditional culture dishes on the platform. Both the angle of tilting and the speed of tilting change can be altered through computer-programmed software. Using frozen-thawed 2-cell mouse embryos, these researchers demonstrated that TECS could support blastocyst formation. Although the percentage of embryos reaching the blastocyst stage was not significantly different compared to controls, the number of cells per blastocyst was significantly higher [57] . These investigators also were able to show that TECS could support human embryo development. Recently, these investigators have reported the use of TECS for in vitro maturation of oocytes, in vitro fertilization, and culture of porcine embryos in defined media [58] . Interestingly, the use of this controlled dynamic culture system for in vitro maturation resulted in greater expansion of cumulus-oocyte complexes compared to controls. While the oocyte maturation, fertilization, and blastocyst formation rates were not significantly altered when collectively performed with TECS, the number of cells per blastocyst was significantly elevated compared to controls. Similar studies have been reported using bovine embryos, a titling culture system, and constricted microchannels [59] . Additional work is required to study the benefits and/or limitations of TECS. However, one can appreciate that this system provides a means of investigating controlled dynamic culture of oocytes and embryos.
Vibration
In contrast to other approaches that utilized large-scale media flow or platform movement, more subtle methods to induce dynamic culture conditions may be sufficient, such as vibration. It is estimated that in vivo the embryo is exposed to vibrations of ;5-20 Hz in response to the ciliated epithelium of the oviduct [3, 4] . A simple vibrating culture platform, on which culture dishes are placed, has been used to mature porcine oocytes and culture the resulting parthenotes. Gentle vibration of oocytes during maturation appeared to improve oocyte developmental competence as a result of subsequent improvement in embryo development [60] . Additionally, vibration of oocytes for various durations yielded different blastocyst formation rates, indicating that differences in extended and/or constant vibration could affect development.
In a similar approach using pulsatile microvibration, immediately after fertilization with IVF or intracytoplasmic sperm injection (ICSI), presumptive human zygotes were cultured in the presence of gentle vibration of 20 Hz for 5 sec, once every hour [61, 62] . Patients were randomly assigned to either vibration or no vibration groups. Fertilization was assessed 18 h later and compared to unagitated controls. Embryo development and pregnancy rates were also compared between patients who had agitated or unagitated embryos. Gentle, short bursts of microvibration immediately following fertilization resulted in no difference in fertilization rates compared to static controls, but did result in significantly greater rates of high quality embryo development on Days 2-5. Vibration yielded higher rates of good quality 4-to 6-cell embryos on Day 2, higher rates of quality 8-cell embryos on Day 3, higher rates of morula formation on Day 4, and higher rates of blastocyst development on Day 5. Additionally, pregnancy rates from embryos exposed to microvibration were significantly higher than static cultured embryos following transfer on Days 3 and 5 [61] . Though ideally embryos from the same patient would have been split between the two treatment groups, these findings certainly suggest that further exploration of gentile vibration may be warranted. Possible causative factors for the benefits of pulsatile microvibration during embryo culture were recently reviewed and include secretion/stimulation of growth factors and activation of various signaling cascades [62] .
Taken together, these data indicate that even short periods of gentle vibration in a periodic or pulsative manner during oocyte maturation or early fertilization events may benefit the resulting embryo quality. Future studies examining the impact of additional vibration frequencies as well as more in-depth studies on vibration timing paradigms, examining pulse length and frequency, over the duration of embryo culture may be insightful.
Controlled Fluid Flow
There are numerous ways to generate controlled fluid flow for dynamic cell culture. These can include gravity-driven flow, syringe-pump, or piezo-Braille pin actuation. Indepen- 
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dent of the means of generating flow, it is important to recognize that embryos, like many other cell types, can detect the shear stress of fluid flow [63, 64] . Shear stress, in excess of 1.2 dyn/cm 2 , can cause damage to blastomeres, up-regulation of stress signaling pathway constituents, and embryo degeneration [63, 64] . In fact, as mentioned earlier, some of the initial work on microfluidics, dynamic media flow, and embryo development demonstrated a detrimental influence of fluid flow [65] , which may be explained by shear stress and/or continual and complete removal of autocrine growth-promoting factors. Obviously the flow rate is important, can be regulated, and needs to be fully tested to determine the ranges for no effect, beneficial impact, or detrimental outcomes. Yet, in a controlled dynamic culture system, other factors such as the flow pattern, media volumes, complete refresh or recirculation, and friction/impact of cell-surface interactions are usually not independent and can influence both the overall fluid dynamics that the cell experiences as well as the biology of the cell. Some of these interactive forces and their influence on embryo development have been discussed previously [66] .
The concept of dynamic media flow in embryo culture is not new. In the 1990s, numerous reports were generated using perfusion systems to generate fluid flow for dynamic embryo culture but yielded little or no benefit [67] [68] [69] . These types of studies utilized macroscale designs, modifications of soluble media composition, and/or somatic cell cocultures that in some instances interfered with possible interpretations. Advances in microfluidics and somatic cell culture in the 1990s and early 2000s paved the way for applications to gamete, embryo, and embryonic stem cell studies. These microfluidic platforms or systems allow automated approaches to achieve precise media movement and may prove to be more amenable for widespread use. These microfluidic systems can be envisioned as microscale perfusion systems that have the ability to operate over long periods with very little or no manual manipulation required. In adherent cell systems, including culture of human embryonic stem cells [70] , perfusion devices have been operated successfully for over 1 wk [70] [71] [72] . Microfluidic systems that have been used to generate controlled dynamic embryo culture will be analyzed. It should be recognized that additional means of generating fluid flow at the microscale are available [73, 74 ] yet remain to be tested in relation to gamete and embryo culture.
Integrated gravity-driven flow in a microfluidic platform was first described for the isolation of motile sperm from human seminal plasma [75, 76] . A similar approach has been reported for microinsemination of mouse [77] [78] [79] and porcine oocytes [80] . Conceptually, these designs could also be used for embryo culture; however, they lack precise control and are not currently compatible with long-term (days to weeks) dynamic culture.
The use of syringe-based pumping for generating controlled dynamic embryo culture was first described in the laboratories of Drs. Wheeler and Beebe [81] . While the syringe-based pumps are far from microscale, they can be integrated with microfluidic platforms. Typically, the syringe-based pump is used to perfuse media into a reservoir. Microchannels originate from the bottom of the reservoir. Adherent cells, such as embryonic stem cells, can be cultured in the microchannels without flow to facilitate their attachment [70] prior to the syringe-based pump activation and generation of fluid flow in the microchannels. Nonadherent cells such as embryos are usually pipetted into the bottom of the reservoir closely located to the opening of the microchannel. Embryos then passively enter the microchannel and roll down the microchannel to an area where the microchannel is semioccluded; this thus forms a barrier and serves as a stopping point for the embryos in the microchannel. Syringe-based pumps can then be used to generate controlled fluid flow over the stationary embryos in the microchannel. Hickman and coworkers [65] used such a system to investigate changing fluid flow in microchannels on mouse embryo development. The flow rates that were examined did not enhance development compared to a static culture, and some of the evaluated flow rates actually compromised embryo development. This study begins to emphasize the interactive importance of flow rate, manner of flow delivery, and fluid dynamic surrounding the embryo, all of which are stresses that can be generated in controlled dynamic culture.
Attempts to actually design a microscale system using microfluidics specifically for dynamic culture of embryos began in our laboratories as a collaboration between embryo biologists and biomedical engineering experts in the early 2000s. A microfluidic system was designed for testing the influence of controlled fluid flow on embryo development. Concerted efforts were extended in making the design practical for clinical embryology. There was a strong desire not to place the embryos into the microchannels, where they may be unobtainable in the future, but instead to place the embryos into a microfunnel with microchannels acting as conduits for delivering and removing media from the bottom of the microfunnel. PDMS was used in the initial studies because of its optical transparency, biocompatibility, gas permeability, and ease of prototyping. However, early in the device's development, we recognized one of the primary challenges of working with PDMS: evaporation through the PDMS is significant and could result in marked shifts in media osmolality. This drawback of PDMS was circumvented by the design and use of a sandwich membrane that remained flexible, yet protected against evaporation [82] . The last major component was a mechanism to generate fluid flow in a controllable and longterm way. For this we adapted piezoelectric, movable pins on a commercially available Braille display that would typically be used to assist blind individuals in reading computer messages. These Braille pins are cone shaped, about the size of microfluidic microchannels, and can be programmed to move up, down, and in sequence spatially and temporally [83] . The use of the Braille pin actuators, where pins in sequence pressed against the flexible sandwich membrane, caused deformation of the PDMS microchannels, and like stepping on a garden hose, generated controlled, precise fluid flow. Importantly, we were able to produce an automated dynamic culture system for embryos that was not reliant on interconnections, tubings, or external pumps, which are historically known to make microfluidic systems complicated and inconvenient for practical use. Further details of the system can be obtained in the original manuscript [66] .
Once the system appeared to work, mouse embryos were placed into the microfunnel reservoirs and allowed to settle to the bottom of the microfunnel; the cartridge was then placed with the Braille pins aligned under the microchannels. The rise and fall of the programmed Braille pins in a controlled fashion produced a pulsatile media flow through the bottom of the funnel (Fig. 5) . A culture of 1-cell mouse zygotes for 96 h in the microfluidic-controlled dynamic system resulted in significantly greater advanced blastocyst development in comparison to controls and significantly higher blastocyst cell numbers compared to static culture controls; importantly, the system closely recapitulated results obtained from in vivo-derived blastocysts [66] .
In an attempt to elucidate a biological mechanism to explain the level of advancement of mouse embryo development after SMITH ET AL. 96 h of controlled microfluidic dynamic culture, experiments were performed with 24-h intervals of dynamic culture at the beginning or end of the culture period. It was found that a minimum of 48 h of dynamic culture was needed to see a beneficial impact on blastocyst development, and this effect did not depend on the stage of embryo development [66, 84] . Additionally, it was found that the developmental benefit was proportional to the duration of dynamic culture. Subsequent experiments were performed to determine if the improved blastocyst development observed with microfluidic dynamic culture translated into improved implantation or pregnancy rates. Indeed, it was observed that mouse embryos grown under microfluidic dynamic culture conditions had increased implantation rates, lower rates of absorption, and higher ongoing pregnancy rates [66] . Most recently, experiments have begun to address the influence of static versus dynamic culture conditions for preimplantation mouse embryos and placental imprinted gene expression. The outcomes from these studies could be extremely important considering the long-term health of offsprings derived by assisted reproductive technologies.
As mentioned earlier, the dependence and interaction of the flow rate, pattern, refresh rate, removal of embryo-secreted factors that may be beneficial, removal of embryo-secreted factors or by-products that may be waste, and shear stress all must be considered in a controllable dynamic culture system. Using a Fluent simulation system to compare factors influencing embryo culture in a static microdrop, in a microchannel with flow, and in a microfunnel with flow, we were able to speculate as to the chemical and mechanical reasons for the superior embryo development in the microfunnel system with flow [66] . Interestingly, this modeling system suggests that the dynamic microfunnel system benefits simultaneously fluid mechanical stimulation to the embryos and retention of secreted autocrine factors. Despite the fact that the fluid flowed into, within, and out of the designed microfunnel, it was found that the fluid, while dynamic, showed a pattern of circulating within the bottom of the microfunnel. While this was not necessarily achieved through design, this flow pattern appears to be beneficial for embryo development. A similar microfluidic dynamic culture system has been shown to be safe for the culture of human pronuclear zygotes to the blastocyst stage (Alegretti and Smith, unpublished data), and currently institutional review board-approved informed consent studies are underway in the United States and Brazil using sibling zygotes to ascertain if this microfluidic dynamic culture system is suboptimal, equivalent to, or beneficial for human embryo development in comparison to contemporary static culture approaches (Fig. 6) .
Finally, Mizuno and coworkers [85, 86] have adopted a ''womb-on-a-chip'' design that incorporates endometrial cell coculture in a separated chamber with embryo growth in a different area that is bathed with conditioned media from the endometrial cells. This elegant system has been suggested to improve mouse embryo development; however, one has to FIG. 5. Composite schematics, photographs, micrographs, and graph representing concepts, prototypes, and data used to produce and test a microfluidic culture platform that allows a continual, consistent, and controllable dynamic embryo culture. A-C) Schematics of conceptual components of a microfluidic embryo culture system. A) A conceptual microfluidic cartridge made of the transparent and gas-permeable elastomer PDMS. This cartridge has a funnel (F) for media overlaid with oil and contains the embryos, a media reservoir to house the culture media (R), and microchannels (MCs) that connect R to the bottom of F. Each MC is 150 lm by 30 lm , and embryos do not enter the MCs. B) A conceptual mechanical platform for placement of the cartridge and actuation of fluid movement. This platform is approximately the size of a hand-held device and has two sets of Braille pins (one set encircled in red). The cartridge is placed on the platform with the Braille pins aligned under the MCs. Movement of the Braille pins upward displaces fluid in the MCs, and numerous pins in the moving sequence cause a pumping of the fluid through the MCs, resulting in automated pumping of fluid into and out of the bottom of F. C) A conceptual motherboard that contains the computer program to drive the movement of the Braille pins. This computerized motherboard sits outside the tissue-culture incubator and is connected to the Braille-actuation platform by a small cable, allowing complete closure of the incubator and separation of the two components. D) Prototype Braille-actuation platform (white) and microfluidic cartridge (clear with orange fluid to visualize F and R) are shown at top. Such prototypes have been used to evaluate the influence of dynamic microfluidic culture on mouse, bovine, and human embryos. A photograph of six Braille-actuation platforms in a tissue-culture incubator is shown below. Micrographs on the side represent human embryos development over time 
question the practical and clinical utility of this coculture system when significant efforts over the last decades have been made to define culture components and their impact on development, genetics, and epigenetics.
CONCLUDING COMMENTS
It is apparent that the platform used for culture can influence preimplantation embryo development. Modifications of traditional static culture approaches, such as the microwell, have yielded some promising results, likely by concentrating tropic autocrine/paracrine factors. Dynamic culture systems are a relatively new and exciting area of study that offers a means of exploring the physical requirements of developing embryos as well as a method for manipulating the surrounding microenvironment in an attempt to improve development in vitro. The emerging data suggests that both simple forms of agitation and more advanced means for directing fluid movement may be beneficial for developing human embryos; therefore, more well-designed studies are required to determine the causative factors for the observed benefits. It is unclear whether the benefits of dynamic approaches are due to disruption of local gradients, causing a removal/dispersion of harmful byproducts, replenishing of tropic nutrients, stimulation of mechano-receptors and activation of trophic signaling pathways, or a combination of these factors.
In addition to benefitting embryo development, perhaps more intriguing is the potential of various dynamic culture systems, primarily perfusion systems, to integrate various laboratory procedures onto a single device. Demonstration of this potential was demonstrated recently by combining IVF and subsequent embryo culture successfully on the same microfluidic device using mouse embyros [78, 79, 85] . Important to this approach, perfusion culture platforms offer a means to seamlessly vary various media over the developing embryos, thereby reducing associated stresses from repeated handling of the embryos as they are moved from dish to dish as well as reducing stress from abrupt changes of differing media. Using this approach, embryos would no longer be limited to exposure to solely single or sequential culture media with one or two replenishments during the culture period. This idea of exposing gametes and embryos to gradually changing solutions may be especially useful for approaches such as cryopreservation by either slow-rate freezing or vitrification. In both methods of cryopreservation, manual stepwise changes in the cryopreservation solution exposures cause cell shrinkage and reexpansion that can be detrimental to subsequent gamete/embryo cryosurvival and/or function. The ability to automate gradual cryosolution exchange over the cell, while maintaining the cell in a stationary position, could have numerous biological and technical advantages.
While the potential of these platforms is readily apparent, it is also clear that widespread adoption of these technologies has been slow. This stems, in part, to the inherent cautious nature of those involved in embryology and IVF. Often, deviation from established methods and protocols is difficult. However, other factors influencing implementation of novel culture platforms also exist. While the lack of mass production and commercial availability has likely stifled the adoption of more user-friendly static approaches like WOWs or variations of microwell approaches, failure to widely accept dynamic platforms is due, at least in part, to variability in operation and the fact that the approach is such an extreme departure from current practices. Furthermore, while simplified dynamic approaches like a tilting system can be implemented relatively easily with current culture dishes, more complex microfluidic approaches still face design and/or operation pitfalls that can make them more labor intensive to utilize. The cost of any new technology is also a valid concern that influences its ability to be utilized on a large scale. This cost may not only be higher for the platform/dishes themselves, but may include additional/ new incubators or other equipment. Certainly elucidation of the causative factors of the observed benefits from novel culture platforms may persuade some to accept change and implement these new devices, but until a clear and significant commercial and/or clinical benefit can be demonstrated to offset the cost and perceived additional effort, widespread adoption of these approaches will remain difficult.
